We present a novel methodology combining traditional fluorescent in situ hybridization with an in situ protein detection technology called proximity ligation assay. This method has potential to perform a detailed analysis of the relationship between gene status and corresponding protein expression in cells and tissues. We demonstrate that the fluorescent in situ gene protein assay methodology is capable of resolving gene and protein patterns simultaneously on a cell-by-cell basis.
T he flow of information from gene to protein is one of the fundamental principles of molecular biology. However, the relationship between a gene and its protein in complex human diseases is less well-understood. Genetic aberrations are the cornerstone of human cancer. These aberrations frequently involve alterations of gene dosage: the number of copies of a particular gene locus in the genome. Gene dosage changes are thought to exert their effect on tumor cells primarily by altering the expression of the corresponding protein. Yet many questions persist regarding the ultimate impact of gene dosage on protein expression and biological activity. In human cancers, altered gene dosage is not the only mechanism leading to protein deregulation but often involves epigenetic perturbations. Therefore, the relationship between DNA and protein can be less linear than in normal cells.
No currently available technique can assess gene and corresponding protein in the same cells. It is possible to examine the gene copy number and protein expression for a candidate gene separately using traditional fluorescent in situ hybridization (FISH) for the gene status and immunohistochemistry (IHC) or immunofluorescence for the protein status. These assays have proven beneficial for lab and clinical use alike; yet, these assays have remained mutually exclusive.
Studying only the protein provides important information about the biological player but disregards the potential mechanism of protein alteration. In turn, studying only the gene captures potential causes of protein deregulation but omits looking at what is the ultimate effect on the biological player. Here, we describe a new methodology, fluorescent in situ gene protein assay (FIGPA), which allows for parallel inference of gene and corresponding protein status in single cells.
Methods and Results
FIGPA utilizes FISH with commercially available probes to determine the genetic status and, instead of utilizing IHC, captures protein expression using in situ proximity ligation assay (PLA). PLA is a novel in situ technique capable of resolving individual protein molecules in a quantitative fashion with unseen sensitivity and specificity.
1,2 PLA has a detection limit in the zeptomolar range and reduces background over traditional techniques by requiring two antibodies to bind in proximity to produce a signal. We have previously shown PLA to reliably mimic protein abundances consistent with heterozygous gene losses.
3
Epidermal growth factor receptor (EGFR) is an emerging biomarker with a complex relationship between gene and protein in several human cancers, such as lung cancer, prostate cancer, and glioblastoma multiforme. 4 -9 EGFR is the target of an expanding body of anticancer agents. 10 Screening EGFR concurrently at the genetic and the protein level could therefore simultaneously expose the underlying mechanism of alteration and the presence of the therapeutic target. Given the established heterogeneity of EGFR distribution in human tumors, we used the EGFR oncogene and oncoprotein to study and highlight the utility of FIGPA for gene -protein correlation in glioblastoma multiforme.
Glioblastomas, highly malignant human brain tumors, harbor EGFR amplifications in almost half of tumors. Additionally, such concurrent analysis is particularly important in the case of EGFR, where deregulation of the protein emerges in about half of cases from a nongenetic, alternative splicing event that leads to a constitutively active receptor protein (EGFRvIII).
FIGPA can be performed on both paraffin-embedded tissue samples and fixed cells. FIGPA begins by performing PLA (Duolink kit, OLINK Bioscience) (Fig. 1) . Following pretreatment appropriate for the type of sample (antigen retrieval and/or permeabilization), the EGFR protein is recognized by a primary antibody and then probed for secondary antibodies tethered to an oligonucleotide (proximity probes). Additional oligonucleotides form a circle of DNA where there are antibodies bound in proximity. This circle becomes the template for a rolling circle PCR reaction, resulting in a thousand-fold amplification of the original protein signal. The protein signal is essentially translated into a nucleic acid sequence. In tissue samples, this sequence is cross-linked into the surrounding environment with a 20-minute 4% paraformaldehyde fix at room temperature. This cross-linking step is necessary because to proceed with FISH in tissues, the sample is digested with pepsin at 378C. The digest rids the sample of endogenous protein, making room for the 300-bp FISH probes to reach the nucleus in these metabolically active cells. We speculate that the pepsin digest may also cleave the proximity probes, allowing the nucleic acid sequences to wash away in solution if not cross-linked first. We could show that digestion with pepsin after fixation did not alter the abundance or appearance of the PLA signals (data not shown). In fixed cells, the post-PLA fixation and digest steps can be omitted. The samples are then dehydrated and the FISH probe (Spectrum Orange EGFR gene locus at chromosome 7p12 probe and Spectrum Green centromere 7 -specific probe, Abbott Molecular) is applied according to manufacturer's procedure. After hybridization, the samples are washed twice in 2X saline sodium citrate (SSC) 0.5% Tween: one at 428C for 2 minutes and the other at room temperature for 1 minute. Next, the detection mix for PLA, containing fluorescently labeled oligonucleotides complementary to the PCR product, is added and incubated at 378C for 1 hour. We used either a commercially available 563-nm red emitting fluorophore or a customized Pacific Blue fluorophore (455 nm) (courtesy of OLINK Bioscience) and found comparable PLA signals (Fig. 2) . A final wash series of 2X SSC, 1X SSC, 0.2X SSC, and 0.02X SSC for 2 minutes each at room temperature under gentle agitation is performed. After allowing slides to dry, mounting media and a coverslip prepare the sample for fluorescent microscopy (Zeiss Axiovert 200M). Samples for which FISH alone was performed are prepared using the protocol of the probe manufacturer (Abbott Molecular) and visualized with a Zeiss LSM710 microscope.
We initially performed FIGPA in fixed human tumor cells. In U87 glioblastoma cells transfected to overexpress the oncogene EGVRvIII, PLA was targeted to the EGFRvIII protein using the L8A4 antibody, 11 and interphase FISH was performed using commercial EGFR probes (Spectrum Orange EGFR locus-specific probe and Spectrum Green centromere 7-specific probe). Figure 2A shows the FIGPA results using the commercially available red dye (563 nm) to capture the cytoplasmic EGFR protein signals and the red/green EGFR gene/chromosome 7 centromere pairs located in the nucleus. Because this design has red signals for both protein and gene, genetic from protein information cannot be easily discriminated, particularly in the case of proteins that localize primarily to the nucleus. Figure 2B represents FIGPA using a customized Pacific Blue (455 nm) protein detection probe to allow genes and proteins to be differentiated by color. We found comparable protein signal patterns with both protein detection probes and, therefore, used the color combination of blue for protein, red for gene-specific locus, and green for chromosome-specific centromere for the remainder of the experiments.
We then tested FIGPA in human tumor tissue. Compared with the monoclonal origin of human cell lines, the polyclonality of human cancers can lead to substantial focal microheterogeneity. Such microheterogeneity can be easily portrayed by FIGPA on cross-tumor sections. We performed FIGPA for EGFR on paraffin-embedded glioblastoma tumors, known to be amplified for EGFR. 12 We first display the tumor architecture with a hematoxylin-and-eosin stained section (Fig. 3A) . Subsequently, the FIGPA technique is displayed in a stepwise fashion as the sum of FISH (Fig. 3B) and PLA (Fig. 3C ) in combination simultaneously to reveal EGFR amplification at the genetic level is associated with high EGFR protein abundance (Fig. 3D) . The in situ approach confirmed that EGFR gene information localized to the nucleus (and demonstrated a pattern consistent with double minutes in interphase cells 13 ) and EGFR protein information in the cytoplasm with enrichment and saturation at the membrane.
The reliability of FIGPA is evidenced by its ability to capture distinct gene and protein expression patterns for different cell types within cross-tumor sections. Figure 4A captures an area of tumor adjacent to a tumor blood vessel. Epithelial cells comprising the lumen wall are wild-type for EGFR gene dosage and show low levels of protein expression, serving as a control for the specificity of the technique. Distal to the lumen, the tumor cell population is highly amplified for EGFR at both the gene and protein levels. Within the tumor, the amplification of the EGFR gene and subsequent protein expression were highly correlated. FIGPA also highlighted molecular microenvironments and heterogeneity within the tumors (Fig. 4B) . In Figure 4B , the area at the top is highly amplified for EGFR, while the area on the bottom shows wild-type status. Resolving the genetic and protein expression changes across the tumor may be helpful in understanding what drives the overall behavior of the tumor.
Discussion
Screening for predictive and prognostic markers is an emerging field in clinical cancer therapy. For example, determination of human epidermal growth factor receptor 2 (HER-2) status is now an integral part of the clinicalpathological workup of breast cancer. HER-2 protein overexpression is usually a direct consequence of gene amplification. This unique gene-protein relationship has spawned several methods for assessing HER-2 status, with the optimal testing methods under heated debate.
14 Several HER-2 testing algorithms have been proposed, including screening by IHC and confirming indeterminate results with FISH, confirming both indeterminate and positive IHC results with FISH, or FISH alone as the primary screening test. 14 No current test for molecular targets is absolute, and making a recommendation for or against the use of a molecular therapeutic based on a single test is debatable. Algorithm approaches that utilize parallel or sequential tissue-based profiling methods and take advantage of the strengths of different technologies will be especially important given the increasing number of prognostic and predictive biomarkers in oncology. FIGPA is a technique that obviates the need for such testing algorithms by being capable of concurrently visualizing and quantifying both gene dosage and protein expression in individual cells. It also has the potential to refine mechanistic hypotheses of gene expression (i.e., gene dosage and epigenetic regulation) and their impact on tumor biology.
In aggregate, the FIGPA technique offers the potential to test the correlation between gene dosage and protein expression in complex human diseases. Establishing correlations for specific genes may result in a greater understanding of gene expression and its regulation. We believe FIGPA has particular relevance to cancer research given implications of epigenetic and posttranscriptional regulation. The ability of FIGPA to concurrently capture and correlate gene and protein information in the same cells serves to increase the reliability of biomarker screens. It may particularly aid in therapeutic decision making in cases where screening for only the gene or the protein yields indeterminate results. Finally, FIGPA can be applied to genome-integrating transfection models where the researcher may want to study the efficiency of genome integration and its effect on target protein abundance. We thus envision broad applicability of FIGPA in disease-oriented and cell/molecular biology research. 
